We demonstrate a continuously loaded 88 Sr magneto-optical trap (MOT) with a steady-state phase-space density of 1.3(2) × 10 −3 . This is two orders of magnitude higher than reported in previous steady-state MOTs. Our approach is to flow atoms through a series of spatially separated laser cooling stages before capturing them in a MOT operated on the 7.4-kHz linewidth Sr intercombination line using a hybrid slower+MOT configuration. We also demonstrate producing a Bose-Einstein condensate at the MOT location, despite the presence of laser cooling light on resonance with the 30-MHz linewidth transition used to initially slow atoms in a separate chamber. Our steady-state high phase-space density MOT is an excellent starting point for a continuous atom laser and dead-time free atom interferometers or clocks.
Laser cooled and trapped atoms are at the core of most ultracold quantum gas experiments [1] , state-ofthe-art clocks [2] and sensors based on atom interferometry [3] . Today, these devices typically operate in a time-sequential manner, with distinct phases for sample preparation and measurement. For atomic clocks a consequence is the need to bridge the dead time between measurements using a secondary frequency reference, typically a resonator. This introduces a problem known as the Dick effect [4] in which the sampling process inherent to a clock's cyclic operation down converts or aliases high frequency noise from the secondary reference into the signal band, thus degrading performance [5] . Recently, a new generation of atomic clocks using degenerate atoms in a three-dimensional optical lattice has been demonstrated using Sr [6] . To reach the potential of such a clock, it will be necessary to overcome the Dick effect, which can be achieved by reducing the dead time and/or by creating vastly improved secondary references. Our steady-state MOT can lead to significant advances in both directions. It approaches the high flux and low temperature requirements needed for a steadystate clock, which would completely eliminate the Dick effect. Furthermore, our MOT is created under conditions compatible with the creation of degenerate samples or an atom laser [7, 8] . This would be the ideal source for a secondary frequency reference based on superradiant lasing, which is expected to outperform current references [9] [10] [11] [12] [13] . Our source and a future atom laser based on it might also be valuable for atomic inertial sensors [8] . Improved clocks and inertial sensors will allow tests of fundamental physics [14] or be suitable for gravitational wave astronomy [3, [15] [16] [17] .
Over the years many creative approaches have honed laser cooling to produce pulsed samples of ever increasing phase-space density (PSD) [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . Pulsed MOTs using 88 Sr have demonstrated phase-space densities of 10 −2 [30] while atoms held in dipole traps recently reached degeneracy [7, 31] . Despite the exquisite performances, these techniques suffer from extremely small capture velocities.
As a consequence atoms must first be captured and precooled, and thus these techniques have only been used as part of time-varying sequences.
Several continuous high PSD MOT schemes have been demonstrated mostly based on bichromatic MOTs using alkaline earth atoms [32, 33] . The most successful reached a steady-state PSD of 1.2 × 10 −5 [34] . This scheme used a MOT on a broad linewidth transition to capture atoms which then leak into a metastable state cooled by a MOT on a narrow transition. Narrow-line MOTs fed by a 2D MOT or Zeeman slower on the broad transition have been demonstrated for Yb and Er although steady-state PSDs are not measured [35, 36] . Another approach is the dark SPOT MOT [37] , which creates a central spatial region of reduced laser interaction. Adding a further steady-state trapping and cooling stage to a MOT can increase the PSD substantially [38] [39] [40] , with a steady-state PSD of ∼ 4 × 10 −4 reached for Cr atoms at a temperature of ∼ 50 µK [40] .
In this Letter, we demonstrate a 88 Sr MOT at a temperature of ∼ 2 µK and a steady-state phase-space density of 1.3(2)×10 −3 , two orders of magnitude higher than reported for previous steady-state MOTs [34] . Combining our MOT with techniques such as [7, [38] [39] [40] [41] [42] ] promises yet higher PSDs and potentially a steady-state BEC and atom laser. Our result is achieved by flowing atoms through a series of spatially separated cooling stages as illustrated in Figure 1 . First we use the high capture velocity of the broad-linewidth, "blue", 1 S 0 − 1 P 1 transition (30 MHz linewidth, 461 nm wavelength) in several stages to slow and cool atoms to mK temperatures, finishing with a 2D "blue" MOT. Next, we capture the atoms in a 3D MOT using the narrow-linewidth, "red", 1 S 0 − 3 P 1 transition (7.4 kHz linewidth, 689 nm wavelength), which can reach temperatures close to the recoil limit [30] . We operate the two MOTs in separate chambers to avoid heating of the 3D "red" MOT by blue photons scattered from surfaces and from fluorescing atoms in the 2D blue MOT. The transfer of atoms between chambers is ensured by two key ingredients: firstly, the atomic beam from the 2D blue MOT is collimated by a red optical molasses and secondly, the atoms are slowed in the second chamber by a hybrid slower+MOT configuration operated on the low capture velocity red transition. We show that this approach allows the red MOT to produce clouds with unprecedented phase-space densities for a steady-state apparatus. Furthermore, we show that the red MOT location is sufficiently protected to form BECs even with all the blue cooling stages operating. The path of atoms through the setup begins with a high-flux atomic beam source adapted from our previous design [43] [44] [45] . In brief, this source is composed of an oven similar to [46] , followed by a transverse cooling stage and a Zeeman slower, both using laser cooling on the broad-linewidth blue transition. A 2D blue MOT [47] [48] [49] , whose non-confining axis is oriented in the direction of gravity, is located approximately 5 cm after the exit of the Zeeman slower (see Figure 1a) . This MOT has a loading rate of 2.66(16) × 10 9 88 Sr atoms/s (measured by absorption imaging) and cools atoms to about 1 mK in the radial (xz) plane. To prevent atoms from escaping upward, a pair of downward propagating blue "plug" beams are placed symmetrically to each other at an 8
• angle from the y axis, increasing the flux by around 30 %.
The high phase-space density MOT must be operated on the narrow-linewidth red transition while being protected against photons from the broad-linewidth blue transition [32] . In order to ensure such protection, we position the red MOT in a separate chamber, 41 cm below the 2D blue MOT. The two chambers are separated and baffled by a set of four stacked 1-inch absorptive neutral density filters (Thorlabs NE60A). These filters are separated by 20 mm and have an 8 mm diameter center hole allowing atoms to pass.
Upon exiting the 2D blue MOT, atoms have a radial velocity of about 0.5 m/s, an average downward velocity of 3 m/s [45] , and they fall accelerated by gravity towards the bottom chamber. Radial expansion during the 185 mm drop to the bottom of the baffle section would give a transfer efficiency less than 2 %. Accelerating the atoms downward is out of the question, since we can only use the low capture velocity red transition in the bottom chamber. Instead, we radially cool atoms emerging from the 2D MOT using a 2D molasses operating on the red 1 S 0 − 3 P 1 π transition, which is insensitive to the spatially varying magnetic field. To compensate the Doppler broadening of the atomic transition, which is more than 100 times the 7.4 kHz natural linewidth, it is necessary to modulate the frequency of the molasses laser beams forming a frequency comb spanning from 30 to 750 kHz to the red of the transition, with 25 kHz spacing [44] . This technique is used on all our red-transition laser beams. To prevent the two red 1 S 0 − 3 P 1 σ transitions towards the m J = ±1 states from hindering the radial slowing process, we produce a Zeeman shift of about 3 MHz by applying a bias magnetic field of 1.4 G in the vertical direction. Such a small field doesn't disturb the operation of the 2D blue MOT. This molasses reaches steady state after a few 10 ms, easily provided by four horizontal molasses beams with 1/e 2 diameters of 45.6 mm along the y axis.
After a 41 cm fall from the top to the bottom chamber, the atomic beam has a measured downward velocity distribution peaked at 4 m/s. Our protection scheme necessitates slowing and capturing these falling atoms using only the red transition. However, the small scattering rate on this line allows a maximum deceleration of only ∼ 16 g, where g is earth acceleration. To overcome this extreme limitation we implement a hybrid slower+MOT.
Our first hybrid setup configuration labeled "Red MOT I" (see Figure 1a ) uses a magnetic quadrupole field centered 23 cm directly below the bottom baffle between chambers. The gradients are (0.55, 0.35, 0.23) G/cm in the (x, y, z) directions. Horizontally propagating laser beams in the x, z axes are placed in a MOT configuration and provide radial cooling and confinement. On the y axis, a single, upward propagating beam is used, with circular polarization as needed for the MOT. Due to the weakness of the transition this upward propagating beam and gravity are sufficient to confine atoms in the vertical direction without a downward propagating MOT beam [50] . The vertical beam is directed slightly to the side of the baffle onto the lowest neutral density filter, to prevent it from affecting the cooling processes in the top chamber. This beam is converging to exert a restoring force towards the beam center during the slowing process [51] .
Upon reaching the second chamber, atoms enter the region illuminated by the circularly-polarized upwardpropagating beam, whose frequency is set to the red of the 1 S 0 − 3 P 1 transitions. We now describe the slowing process using an upward pointing quantization axis, see Figure 2a . The Doppler shift δ Doppler (v) of atoms with a downward velocity v brings them into resonance with the σ + transition from 1 S 0 to the state m J = +1 of 3 P 1 . As radiation pressure slows atoms down, δ Doppler diminishes, which is partially compensated by the spatial variation of the magnetic field, following the principle of a Zeeman slower. The narrow linewidth of the red transition does not allow for a slowing process robust against magnetic and laser intensity fluctuations, so we modulate the laser frequency ν L with a span of ∆ν L = 4.05 MHz, as used for example in "white light" slowing [52] . If atoms are successfully slowed and reach the region below the quadrupole field center, δ Doppler is small and atoms are resonant with the laser light as in a standard broadband narrow-line MOT [30] . Note that for the experimental configurations used the angle between the local magnetic field and the beam direction can be big, leading to significant additional absorption on the π transition during the slowing process.
We numerically model this hybrid setup by evolving classical atomic trajectories, first in an idealized 1D geometry with only a linear vertical magnetic field gradient and a uniform circularly polarized vertical beam, and then using a Monte Carlo approach in a realistic 3D geometry including all beams and details of the magnetic fields [45] . The behavior of a falling atom can be obtained by analyzing the deceleration it experiences in dependence of time when dropped into the slower+MOT region with various starting velocities. The idealized 1D results shown in Figure 2b are qualitatively confirmed by the more realistic 3D model results shown in Figure 2c . With these simulations we estimate a maximum capture velocity of around 6 m/s for the hybrid slower+MOT setup, which is compatible with the measured velocity distribution of the atomic beam produced by the 2D blue MOT [45] .
The characteristics of the hybrid Red MOT I are summarized in Table I . The loading rate gives an estimated transfer efficiency of 19 % between the two chambers. Unfortunately, the high power broadband beams needed for the hybrid setup limit the PSD to 2.8(1.2) × 10 −6 , low compared to what can be achieved with a pure red MOT geometry in a time-varying sequence [30] . Moreover, with direct line-of-sight to a bright fluorescing blue MOT, this configuration does not provide protection against heating from blue photons sufficient to produce a steady-state
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Time ( Atoms eventually captured in the MOT exhibit a time-independent non-zero force (yellow region at ∼ 1g). The white regions show decelerations smaller than 0.25g. The "Bounce" and "Fall" regions are undesirable cases described in [45] . c) Equivalent deceleration data obtained by a full 3D Monte Carlo calculation with a realistic geometry.
BEC [45] .
For these reasons, we implement a second MOT configuration, "Red MOT II(a)", located 3 cm in the z direction away from the Red MOT I position (see Figure 1a) . This is achieved by adding another 5-beam geometry MOT (4 beams along x and z, 1 beam along y), whose beams make a smooth connection with the Red MOT I beams, and by displacing the center of the quadrupole field to the intersection of these new beams. Along the z axis the two additional beams are implemented as an 8 mm diameter low-intensity core within hollow 48 mm diameter Red MOT I beams. In this configuration, atoms entering the second chamber are decelerated by the hybrid slower plus Red MOT I beams, then continuously pushed to the Red MOT II(a) where they are confined and further cooled. The working principle of the hybrid setup remains unchanged, with the exception that the π transition becomes more important, since the magnetic field lines are more tilted with respect to the Red MOT I vertical beam. Within this second red MOT, we have more freedom to adapt the beam parameters and thereby reach higher PSD. The main limitations to the PSD are firstly power broadening of the red transition effectively raising the Doppler cooling limit and secondly multiple scattering due to the high density. Both limitations recede with reduced MOT powers. For this reason, we implement a spectrally dark SPOT MOT by shaping the spectral intensity profile of our broadband MOT beams. At the steady-state MOT location, the effective scattering rate is just enough to hold atoms against gravity, while in the surrounding region an effective high optical power captures fast atoms.
With Red MOT II(a) using the parameters given in Table I , we reach a steady-state MOT with a PSD of 4(1) × 10 −4 for 88 Sr. The transfer efficiency from the top chamber to this MOT is 2 %, an order of magnitude lower than for Red MOT I. Simulations suggest significant losses may be attributed firstly to increased bouncing of atoms in the hybrid slower when the π transition is dominant and secondly to atom trajectories intersecting with mirrors inside the vacuum chamber.
We also produce a Red MOT II(a) using the much less abundant 84 Sr isotope, which is particularly suited to produce quantum degenerate gases, owing to its favorable scattering properties. This 84 Sr MOT contains up to 9.0(2) × 10 6 atoms at temperatures of 1.5(3) µK and 3.4(1.1) µK in the vertical and horizontal axes respectively. By loading this MOT into an optical dipole trap in a time sequential manner and applying a 3 s evaporative cooling sequence, we produce 84 Sr BECs of 3.0(2) × 10 5 atoms.
The protection provided by the dual chamber and baffle system against photons from the broad-linewidth blue transition is determined by comparing the BEC lifetime at the location of the Red MOT II(a) with and without the 2D blue MOT operating. The atomic flux is disabled by turning off the red transition beams during these measurements. The BEC lifetime in the dipole trap is 3.0(4) s without blue light and 2.7(2) s with blue light. Lifetimes were strongly limited by one-body collisions due to poor vacuum quality. These measurements confirm significant protection from blue photons thanks to our two-chamber design, making our system suitable for experiments aimed at developing a steady-state source of degenerate quantum gas.
Finally, "Red MOT II(b)" is a configuration designed to optimize phase-space density at the expense of transfer efficiency. This MOT reaches a steady-state PSD of 1.3(2) × 10 −3 for 88 Sr, which is two orders of magnitude higher than demonstrated in previous steady-state MOTs [34] (see Figure 1c and Table I ). Red MOT II(b) is the same as Red MOT II(a) except that we reduce the bandwidth of the MOT II beams to cover only −40 to −200 kHz detuning, resulting in three improvements. First, the smaller detuning of −40 kHz compresses the MOT, second, the reduced bandwidth reduces the total beam intensity required, and third, by ending the spectrum well before the photoassociation line located at −435 kHz detuning [53] , we reduce losses due to molecule formation. The transfer efficiency from the top chamber to this MOT is 0.2 %, an order of magnitude lower than for Red MOT II(a). The 1/e lifetime of Red MOT II(b) measured after the atomic flux is suddenly stopped is 1.95(6) s, which is significantly smaller than the 4.53(6) s lifetime of Red MOT I. This reduction is due to two-body light-assisted collisions, which ultimately limits the maximum density achievable [53] . Both these losses and the need to compensate for gravity set the limits on the PSD achievable with this MOT configuration.
To summarize, we have demonstrated the operation of a MOT with a PSD of 1.3(2) × 10 −3 in the steady-state regime. This result requires the use of broad-and narrowlinewidth transitions to simultaneously achieve both high PSD and high capture efficiency. We use a dual chamber architecture to protect the MOT from heating by broadlinewidth transition photons, and efficient transfer between chambers is achieved using a hybrid slower+MOT configuration using only cooling on the narrow-linewidth transition. Although Sr is ideally suited to this archi-tecture, our approach is broadly applicable to alkalineearth metals, lanthanides and any other species with a strong transition to precool atoms and a weak transition supporting the operation of a MOT with a high PSD [54, 55] . Finally, we have shown that our design is compatible with the generation of quantum degenerate gases in the presence of a laser cooled influx. The use of this high-PSD source of matter, combined with a protection mechanism such as that demonstrated in [7] , should allow the creation of a steady-state Bose-Einstein condensate and ultimately an atom laser with uninterrupted phase coherent output.
We thank Georgios Siviloglou for contributions during the early stages of the design and construction of the experiment. We thank the Netherlands Organisa- 
SUPPLEMENTAL MATERIAL DETAILS OF THE EXPERIMENTAL SETUP
The atomic source is an oven producing a 10 mm diameter effusive jet of strontium atoms by heating Sr metal pieces (99.5 % from Alfa Aesar) to around 500
• C. While the oven was designed to operate at 550
• C for 18 months it is currently operated at only 500
• C as this has been found to deliver sufficient flux and will extend the operating life before needing to refill the Sr reservoir and rebake the oven section of the vacuum system. Increasing the temperature to 550
• C is expected to increase the flux by a factor of five, an important option when working with 0.5 % abundant 84 Sr. The oven output is collimated by an array of 8 mm long stainless steel microtubes with 80 µm inner diameter and 180 µm outer diameter, following a design inspired by [46] . The atoms are then transversely cooled in two dimensions over a 90 mm long region using for each axis a "zig-zag" configuration with four passes and retro-reflection of the laser beam. Finally a 105 cm long Zeeman slower, with a spin-flip design and a modeled maximum capture velocity of 500 m/s, slows the atoms to approximately 20 m/s.
The Zeeman slower output is captured by a 2D MOT using the blue 461 nm transition. The 2D MOT magnetic field gradient is created by two vertical permanent magnet arrays, facing each other with opposite pole orientation. The position and orientation of individual magnets stacked in each array can be independently adjusted to produce the desired radial gradient, which is approximately 10 G/cm in the region of the blue MOT and rapidly transitions to approximately 2 G/cm over about 15 mm. Helmholtz bias coils are used to trim the pointing and location of the 2D MOT in order to maximize capture by the 3D red MOT in the second chamber. Other details are described in the main text and illustrated in Table S-II, Table S-III and Table S -IV, respectively.
VELOCITY DISTRIBUTION FROM THE 2D BLUE MOT
The atoms exiting the Zeeman slower enter the 2D MOT region. Due to the broad linewidth of the blue transition, they are rapidly cooled to about 1 mK in the radial direction, but are presumably unaffected in the 2D MOT, vertical axis. The velocity distribution along this axis depends mostly on the oven output collimation, the transverse cooling stage, and the transverse spread due to scattering from the Zeeman slower beam. This last contribution amounts to about 5×10 4 spontaneously emitted photons, which gives an energy increase in the slower transverse direction of ∼ 15 mK, part of which will affect the vertical velocity distribution.
Aiming to measure the vertical velocity distribution, we place two cylindrical 4 mm 1/e 2 -diameter high by 16 mm 1/e 2 -diameter wide "gate" beams in the top chamber, which are actuated by fiber coupled acousto-optic modulator "switches" and centered 40.8 mm and 70.8 mm below the plane of the Zeeman slower. Each beam uses approximately 2 mW of light resonant with the blue transition to "blow away" any atoms attempting to travel to the bottom chamber. By sequentially opening these blocking beams a known velocity class can be selected. We find that opening any one beam for less than 5 ms (with the other beam off) results in no atoms transmitted to the lower chamber, so we use a 6 ms gate opening time resulting in an effective opening time of 1 ms. Atoms are collected in Red MOT I and then compressed by ramping up the gradient and decreasing the detuning to give a cloud dense enough to reliably measure the atom number using absorption imaging. By scanning the time between the opening of the two gate beams, we measure the velocity distribution of the atomic beam emanating from Beam is passed 4 times side by side giving a 90 mm long cooling region. Same for both horizontal and vertical axes. 
HEATING FROM BLUE MOT PHOTONS
We now estimate the heating of Red MOT I by the scattering of fluorescence photons from the 2D blue MOT. The minimum scattering rate from atoms in a red MOT that is required to counter acceleration due to gravity is γ min = mg/hk, where m is the atom mass,h is the reduced Planck constant and k is the photon wavenumber. Considering a blue transition photon scattering rate of 20 % of γ min as acceptable, we can estimate the maximum allowable intensity of the blue photon flux at the location of the red MOT, I max ≈ 0.2 × 2γ min I sat,blue /Γ blue ≈ 0.13 µW/cm 2 , with I sat,blue and Γ blue being the saturation intensity and the natural linewidth of the blue transition, respectively. Our blue MOT with optical frequency ν blue has a flux of F ≈ 2.5 × 10 9 atoms/s and atoms spend around t blue ≈ 20 ms passing through the blue MOT. The intensity of the blue MOT light is I MOT ≈ I sat,blue /4. The power scattered by the 2D blue MOT is thus P = F t blue hν blue Γ blue /2 I MOT /(I sat,blue (1 + I MOT /I sat,blue )) ≈ 4.1 × 10 −4 W. If we ignore all other sources of blue transition photons such as scattering off the chamber surfaces and windows, and consider only scattered light from the 2D MOT atoms, we need a minimum distance r of r > P/(4πI max ) ≈ 16 cm to reduce heating in the red MOT to an acceptable level. For the production of a degenerate gas where we require a scattering rate below 1 Hz for a reasonable lifetime, the corresponding distance is r > 2.8 m. This effectively re- quires there be no line of sight between a BEC and the 2D blue MOT, or any surface scattering light from the blue MOT, which dictates our apparatus design.
NUMERICAL MODEL RESULTS
We now describe the behavior of the hybrid slower+MOT setup, based on our numerical simulations. The results for the 1D idealized situation have already In the idealized case, for a low starting velocity 20 cm above the quadrupole field center (below 5 m/s), the falling atoms first experience a Zeeman slower-like deceleration on the σ + transition with a scattering rate close to Γ red /2, where Γ red is the natural linewidth of the red 1 S 0 − 3 P 1 transition. This scattering rate corresponds to a deceleration of about 16 g (blue-colored region in Figure 2b of the letter). As atoms keep decelerating, the Doppler shift δ Doppler diminishes and a combination of the Zeeman effect and the broadening ∆ν L of the laser beam frequency dictates the scattering rate at each spatial location. Eventually atoms are almost at rest in the vertical direction and δ Doppler becomes negligible. Atoms thus behave like in a standard broadband MOT, and they reach the height where the radiation pressure compensates exactly gravity, typically at the top of the spatial region addressed by the broadband MOT (yellow-colored region labeled "MOT" in Figure 2b and c of the letter). These atoms are thus captured in the MOT.
For medium starting velocities (between 5 and 6.2 m/s in the idealized case) the atoms' scattering is saturated for most of the time, until atoms are stopped in the vertical direction. This happens at a location deep within the region addressed by the broadband MOT. As a consequence, the scattering rate is way more than what is necessary to compensate gravity, and the hybrid setup acts as a spring and makes the atoms bounce up (see region labeled "Bounce" in Figure 2b and c of the letter).
The relatively weak gravitational force is the only mechanism to push them downward. The simulations indicate that most atoms having bounced will then fall back into the MOT region and get captured there, provided they do not reach surfaces of the vacuum chamber. The horizontal confinement provided by Red MOT I X and Z beams is instrumental to this purpose.
For high starting velocities (above 6.2 m/s in the idealized case), the saturated scattering is insufficient to provide enough deceleration for the atoms before they reach the bottom of the spatial region addressed by the broadband MOT, and they are not captured (region labeled "Fall" in Figure 2b and c of the letter).
The main difference between the idealized case and the more realistic 3D simulation results is the influence of the π transition. Due to the tilted magnetic field orientation with respect to the hybrid vertical slower beam, a large part of the interaction occurs on the non-magnetic π transition and the σ + Zeeman slower-like transition is less important, as shown in Figure S-3 . Moreover, two main extra features appear in the results of the 3D simulations. The first is the disappearance of scattering for starting velocities above 6.5 m/s, which limits the maximum capture velocity. This originates from the Red MOT I vertical beam frequency boundaries, in combination with its location. Indeed, because of the tilt we apply to the beam in order to hit the side of the bottom baffle, the fastest atoms enter the beam location only after having passed the spatial region where the light is on resonance with the slowing transitions, and thus they are never decelerated. The second feature is the kink in scattering rate appearing for starting velocities of 3.2 m/s for Red MOT I and 2.5 m/s for Red MOT II(a). This arises when atoms enter the vertical slower beam with a velocity smaller than the minimum velocity addressed by the σ + transition but within the frequency range of the π transition. In this case atoms are slowed entirely by the π transition before falling at the maximum velocity allowed by the π transition into the MOT region. 
